Sampling campaigns at several points in a sector of a distribution network were conducted during several months to study the spatial and temporal variation of the free chlorine concentration (FCC) and disinfection by-product concentrations (DBPC) at the scale of a residential neighborhood. The water residence times (RT) at these sampling points and for the same period were also simulated using EPANET. Within the neighborhood, the results reveal significant differences in measured FCCs and DBPCs and low intra-day variability. Catching most of the FCC variability would require several sampling points to cover the spatial variability, whereas for DBPC, it is more relevant to obtain a higher sampling frequency. Moreover, the sampling point choices for DBPC should be based on previous FCC monitoring campaigns. At the studied scale, the RT alone is not the best indicator for the selection of the monitoring points for FCCs and DBPCs.
INTRODUCTION
Water quality is affected by the water treatment plant (WTP) and water residence time (RT) in DNs (Al-Jasser ; Machell & Boxall ) . Free chlorine degrades as water travels in pipes, and it has been shown that areas with a higher RT are specifically linked to higher THM concentrations (Simard et al. ) . However, certain HAA species are biodegraded by biofilms present on pipe walls, which can lead to a reduction in concentrations in areas with a higher RT (Pluchon et al. ) . Problem areas in terms of low FCCs or high DBP concentrations can therefore be identified using relationships established between these parameters and the RT (Farren ; Rodriguez et al.
; Simard et al. ).
Previous studies also show that the RT has a greater impact in areas serviced by smaller pipes because there is more contact between the water and pipe walls (e.g. Vasconcelos et al. ). Presence of biofilm and wall corrosion lead to faster chlorine degradation over time (Lu et 
METHODOLOGY
To our knowledge, this is the first study to quantify the spatial and temporal variability of measured FCC and DBPs, at the scale at which a water manager must often select just one sampling point for regulatory monitoring.
The methodological steps to generate the data presented in this paper can be generalized to comparable sites. Similar trends in variability of FCC and DBPs are expected within neighborhoods serviced by a DN with a large range of diameter of pipes, where free chlorine degradation and DBP formation happen mainly at the pipe wall (Al-Jasser ).
Case study
A well-defined area of Quebec's DN is studied and modeled to characterize the variations of water quality and RTs. This DN, located in a Nordic region, is characterized by major seasonal temperature and raw water quality variations.
These conditions lead to frequent water treatment adjustments affecting the kinetics of free chlorine degradation and DBP formation. The residential neighborhood has nearly 6,000 inhabitants and covers an area of almost 2 km 2 . The territory is mostly residential. Figure In fact, distribution of water demands within the network has the largest impact on RTs because it governs the hydraulic paths through the network but, in this case, the land use is residential with no large water consumer (e.g. industries)
that can strongly affect hydraulic paths in a different way than residential use for which the patterns (peaks and lows in water consumptions) are better understood. Given the location in the city's DN, a mixture of water from different sources is unlikely. There is no tank nearby. However, the actual roughness of pipe walls, the actual diameter of the corroded pipes and the leakage flow distribution are unknown.
Evaluation of water quality There was no direct access to the VCs given their location in the middle of the road and the impact on traffic.
In terms of RT, the closest residence to VC-A is sampling point A1 and sampling points B2 and B3 for VC-B. Counterintuitively, the neighborhood is mainly supplied by VC-B:
RT increases and FCCs decrease starting from VC-B, while VC-A supplies a limited area associated to the secondary pipe to which it is directly connected. This limited area also undergoes a mixing of older water coming from VC-B.
HAA analysis was performed via the technique of liquid-liquid extraction by gas chromatography with 
Statistical analysis
A variability analysis was conducted using the SAS software to determine if there was a significantly dominant dimension between the spatial and temporal dimension in the variability of FCCs and DBPs. This analysis was conducted with generalized linear mixed models to compare the spatial variability associated with the location and the temporal variability linked to the day during which the samples were collected.
This is meant to determine if there is a significant statistical difference (p < 0.05) between these variability components using SAS's PROC GLIMMI procedure.
RESULTS AND DISCUSSION
Mean values of water quality parameters (refer to Section 2 The CV of these two points is also greater than that of other points. Higher concentrations are found at point 17 because it is supplied by a path composed of pipes with a larger diameter, but presenting a lower flow rate: the RT is high enough for the free chlorine to deteriorate, but the relatively high diameter does not foster the contact of water with pipe 
Temporal variability of water quality
The average difference between two FCC measurements for the same point during the same day is 0.08 mg/L (median of 0.05 mg/L). FCC differences during the same day are thus small. Consequently, collecting one sample a day can be sufficient to obtain adequate information for this neighbor- Spatial variability is much higher for FCC. Therefore, to obtain a portrait of FCC variability, the selection of different sampling points should be favored rather than taking repetitive measurements at the same points. Although the spatial dimension is the dominant aspect of FCC variability, treatment conditions at the WTP also influence the variability of concentrations at a given point of the DN.
DBP concentrations present a dominant temporal variability. Therefore, to obtain a representative portrait of THM and HAA, it is important to take into account the variability of conditions at the exit of the WTP, such as the chemical oxygen demand or temperature, rather than the location in the DN or within a residential neighborhood. Despite major FCC differences illustrating significant RT differences, the DBP levels found in the DN do not vary much from one point to another during a campaign. In order to characterize DBPs within the neighborhood, a higher sampling frequency, but for a limited number of points, should therefore be favored rather than numerous sample points at a reduced frequency.
Given the costs of laboratory analysis of DBPs, the number of samples analyzed by municipalities to ensure compliance with standards remains limited. It is important to take into account the fact that DBP monitoring is a way to verify that the limit allowed is not exceeded by calculating an annual concentration mean (Sadiq & Rodriguez ) .
This average is meant to represent the mean exposure level of citizens to these compounds. Obtaining a representative mean must take into account DBP concentration variability and, according to the results obtained within this neighborhood, this variability is mainly linked to the temporal dimension, or the variability of the characteristics of raw water at the exit of the WTP.
CONCLUSIONS
This study was conducted within a small residential neighborhood in which 22 campaigns with high-frequency sampling at several points of the DN were led. The results obtained show that, at this scale, there can be significant differences in simulated RTs, and measured FCCs and DBP concentrations. Results also show that water quality monitoring in the DN, performed by collecting a single sample during the day, does not limit the representativeness of the parameter variability given the low intra-day variability of FCC, THMs and HAAs. Within the neighborhood studied, the representativeness of the FCC variability resides in samplings at numerous points while the representativeness of THM and HAA variability is ensured by a higher sampling frequency. It is also shown that the campaigns used to monitor the free chlorine, a parameter that is inexpensive to measure, can help to select sampling points for THMs and HAAs. In summary, this study informs water managers that water RTs as calculated by EPANET, while easy to obtain, will not give as good an information as an intensive FCC campaign can, which one person can realize in one day with readily available equipment.
